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ABSTRACT 
Wood surface quality deteriorated when wood was exposed to ultraviolet light, acid rain, and the 
combination of these two elements. When wood surfaces were exoosed to ultraviolet light. carbonvl - 
group content increased and lignin content decreased simultaneously. These changes were accelerated 
when they were also exposed to a dilute sulfuric acid solution-a laboratory simulation ofacid rain- 
especially at 65 C and 65% relative humidity. Experimental results showed that ultraviolet light changed 
the surface quality by generating oxidized products, and the sulfuric acid contributed to the deterio- 
ration of tensile strength. 
Keywords: Acid precipitation, cellulose, lignin, carbonyl group, infrared spectrophotometer, degra- 
dation, tensile strength. 
INTRODUCTION 
Acid precipitation, commonly called "acid 
rain," has been called "an unseen plague ofthe 
industrial age," and has been a rallying cry of 
the "environmentalists" over the past three 
decades. A powerful political, scientific, and 
popular interest has developed around the 
problem. Acid rain is generally regarded as one 
of the most serious environmental problems 
in developed countries. During the past thirty- 
five years in Europe and twenty years in North 
America, scientific evidence has accumulated 
suggesting that air pollution resulting from 
emissions of oxides of sulfur and nitrogen may 
have significant adverse effects on ecosystems. 
Recent technical reports have highlighted 
growing concern about the acid precipitation 
problem (Brezonki et al. 1980). Measurements 
have been made on the pH of rainwater in 
Florida during a recent year, where isolated 
measurements ranging from a low of 3.76 to 
a high of 5.8 have been recorded. Single in- 
cidents of precipitation with pHs as low as 2.1 
have also been recorded recently in Los An- 
geles (Ember 1981; Likens and Borman 1974). 
At these ranges of low pH, acid rain will dis- 
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solve many natural and synthetic polymers 
such as cotton and nylon, as women in a Flor- 
ida city who wore blouses and stockings made 
of nylon discovered to their dismay. 
The deleterious effects of acid rain on lakes, 
aquatic ecosystems, vegetation, forests, build- 
ings, and artifacts have come to the fore in the 
past two decades and are the subjects of con- 
tinuing investigation (Paparozzi 1986). Wood 
materials offer an impressive range of attrac- 
tive properties and in many of their applica- 
tions they are exposed to the outdoor envi- 
ronment. Hence, they are subject to sunlight, 
weathering, and acid precipitation. Although 
ultraviolet light is a major element in degrad- 
ing wood polymers (Hon 1991), it is to he ex- 
pected that for lignocellulosic biopolymers, 
where hydrolytic breakdown can be an im- 
portant mode of deterioration (Goldstein 
1981), acid rain will have a catalytic effect. 
Despite the importance of acid effects on 
wood surface quality, little research informa- 
tion was available in the literature. Hovland 
et al. (1980) exposed cellulose sheets and aspen 
wood (Populus tremula) to artificial acid "rain" 
to determine its effect on decomposition. These 
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materials were placed on the leaf litter in three 
coniferous forest sites. The only result was that 
application of pH 2.5 water reduced the de- 
composition rate ofcellulose at one of the sites. 
Banks and Evan (1985), using thin and thick 
sections of pine (Pinus sylvestris) and linden 
(Tilia vulgaris), found significant strength losses 
when 100 pm longitudinal sections were ex- 
posed to dilute acid solutions, particularly sul- 
furous acid solutions. Using larger, transverse 
sections, significant loss in mechanical prop- 
erties occurred only to a depth of about 0.5 
mm. Thus, the wood surface may be modified 
and this could influence the susceptibility of 
surfaces to oxidation. 
Previously, we have found that wood readily 
absorbs sulfur dioxide, one of the principal 
elements in acid rain, to trigger a whole series 
of free radical reactions, especially in the pres- 
ence of ultraviolet light. These reactions ulti- 
mately lead to discoloration and loss of surface 
integrity (Hon and Chao 1989; Hon and Feist 
1993). In this paper, the effect of acid rain on 
wood surface quality is demonstrated. The 
synergistic effects of acid, heat, ultraviolet light, 
and humidity were investigated; and the effects 
on chemical components of wood and tensile 
strength were assessed. 
MATERIALS AND METHODS 
Materials 
Earlywood of southern yellow pine (Pinus 
spp.) was used for this study. Wood specimens 
(earlywood) were microtomed into a thin sec- 
tion with dimensions of 12 mm x 45 mm x 
10 pm. In order to avoid complicated reactions 
from extractives, they were removed by ex- 
tracting wood with the co-solvents benzene and 
methanol (2:l) in Soxhlet extractors for 8 h. 
The wood was air-dried after extraction. 
Acid treatments 
Since sulfuric acid is considered to be the 
major contributor to acid rain, it was selected 
for this study. The wood specimens were 
sprayed with a mist of a total of 4 ml of 0, 
0.002,0.009, and 0.074% (volume percent) of 
sulfuric acid solution, which corresponded to 
pH values of 7, 4.4, 3.0, and 2.0, respectively. 
These values were determined by a pH meter 
(Fischer Scientific). These values also repre- 
sent the range of pH levels of acid precipitation 
in the United States east of the Mississippi 
River. 
Exposure to heat, ultraviolet 
light, and moisture 
The control and acid-sprayed specimens 
were exposed either to darkness or to a UV 
light for a specific period of time in a chamber 
in which the temperature and humidity were 
accurately controlled. While certain specimens 
were exposed at ambient temperature, other 
specimens were exposed at 65 C and 65% rel- 
ative humidity, with or without ultraviolet ir- 
radiation. A high pressure quartz mercury-va- 
por lamp with a lowest wavelength of 223 nm 
was used as the ultraviolet source (ACE-Hano- 
via, lamp type 6531-12, 200 W). 
Evaluation 
The changes in the amounts of carbonyl 
group and lignin of treated specimens were 
examined using a Fourier transform infrared 
(FTIR) spectrophotometer (Nicolet 20 DX; 2 
cm-' resolution) equipped with a Hanick dif- 
fuse reflectance accessory (Hon and Feist 1992). 
Water-soluble degradation products were ob- 
tained by soaking the wood specimens that 
were exposed to sulfuric acid for 12 h in dis- 
tilled water for 3 h. The solution was charac- 
terized by an ultraviolet-visible spectropho- 
tometer (Perkin Elmer Lambda 3). The tensile 
strength of treated specimens, which were air- 
dried at room temperature after acid treat- 
ments, was tested using an Instron tester (Model 
4204). Testing was conducted at room tem- 
perature. An average often readings was made 
for each set of specimens. 
RESULTS AND DISCUSSION 
Effect of acid at ambient temperature 
It is known that holocellulose of wood, e.g., 
cellulose and hemicelluloses, is readily hydro- 
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lyzed by concentrated acid at ambient tem- 
perature and by diluted acid at high temper- 
ature (Goldstein 198 1). Lignin is more resistant 
to acid degradation. After wood specimens were 
treated with sulfuric acid in a concentration 
range from 0.002 to 0.074% at ambient tem- 
perature for 12 h and soaked in distilled water 
for 3 h, the soluble degradation products in 
water were examined by a UV spectrophotom- 
eter. The absorption spectra revealed that the 
water-soluble products from acid-treated wood 
did not exhibit significant UV absorption dif- 
ferences when compared to the untreated (con- 
trol) wood. The FTIR spectra of treated wood 
also exhibited no change in absorption peaks 
at 1,725 cm-I and 1,s 10 cm-I, which corre- 
spond to the absorption characteristics of the 
carbonyl group and the aromaticity of lignin 
in wood, respectively. These results suggest that 
wood chemical components are quite resistant 
to dilute acid aqueous solutions at ambient 
temperature. 
Changes in carbonyl group and 
lignin contents 
In previous studies, the author found that 
wood is susceptible to ultraviolet degradation 
(Hon 1991). An increase in carbonyl groups, 
based on the calculation using the FTIR rel- 
ative absorption peak ratio of 1,735 c m 1 / 8 9 5  
cm-', was observed when wood specimens 
were irradiated with UV light (without acid) 
at ambient temperature, as shown in Table 1. 
This demonstrated that carbonyl groups were 
generated at the wood surface, which could be 
derived either from cellulose, hemicelluloses, 
or lignin. As also shown in Table 1, in the 
presence of acid, the rate of increase in car- 
bonyl groups was further enhanced. In short, 
the higher the concentration, the more car- 
bonyl groups were detected. This phenomenon 
implies that photo-oxidative reactions were 
accelerated by acid. Although cellulose and 
hemicelluloses are more susceptible to acid re- 
action than lignin, the formation of carbonyl 
groups is not necessarily limited to these two; 
it can also be generated from lignin, as will be 
discussed in a subsequent section. Since acid 
TARLE I .  Effect of acid rain on carbonyl group content uf 
wood at ambient temperature in the presence of UV light. 
Exm Acid coneenfration (96) 
sum 
fimc (hl 0 0.002 0.009 0.074 
0 3.7' 3.7 3.7 3.7 
6 6.5 8.1 10.0 11.4 
I2 8.6 11.3 11.3 12.3 
24 12.7 12.1 13.4 13.9 
36 15.4 14.0 14.2 14.5 
48 15.6 17.5 16.7 17.0 
FTlR absorplion wk ratio: 1.735 cm I1895 cm ' .  
itself does not generate any significant amount 
of water-soluble products or carbonyl groups, 
the oxidation of wood is evidently due to the 
interaction between light and the wood com- 
ponents. Acid may function as a mild catalyst 
to promote hydrolytic oxidation. The presence 
of water-soluble products was confirmed by 
UV differential spectra from the wood irra- 
diated with UV light in the presence of acid. 
Although lignin is relatively resistant to acid, 
it is sensitive to light. It is degraded readily by 
light (Hon 1992). FTIR studies revealed a re- 
duction of lignin content on wood surfaces. 
Table 2 showed that the wood surface lost 39% 
of its lignin concentration after 48 h of UV 
irradiation without acid. The UV spectra of 
water-soluble products from UV irradiated 
wood specimens exhibited absorptions at 195, 
227, 275, and 310 nm. These are the charac- 
teristic absorption peaks of lignin or polyphe- 
nolic compounds (Hon and Chang 1984). The 
addition of sodium hydroxide into such a so- 
lution resulting in the shift of UV peaks further 
supported the presence of phenolic com- 
pounds in the solution (Hon and Chang 1984). 
In the presence of acid, the degradation of lig- 
nin appeared to be slower than that without 
acid between 6 and 12 h of irradiation. How- 
ever, after 36 h of photoirradiation, the deg- 
radation rate was accelerated. The amount of 
water-soluble degradation products with ab- 
sorption at 275 nm, a typical absorption of 
lignin, is shown in Table 3. It can be seen that 
ultraviolet light played the major role in de- 
grading lignin. The effect of concentration of 
acid on the rate of degradation of wood, es- 
pecially lignin, was negligible. 
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TABLE 2. Effect ofacid rain on lignin in woodat ambient 
lrmprralure in !he prrsrncr of UV light 
Acid concentration I") 
Exporurc 
timc i h l  11 0.002 00ll9 0.074 
When wood was exposed to an elevated tem- 
perature, i.e., at 65 C and 65% relative hu- 
midity, its chemical components did not show 
a noticeable degradation. The carhonyl con- 
tent of untreated wood remained almost con- 
stant as the exposure time increased. The same 
is true for lignin content. In the presence of 
acid under such conditions, the carbonyl groups 
did increase slightly as a function of acid con- 
centration (Table 4). No significant change in 
lignin was observed (Table 5). 
The effect of acid and UV light at 65 C and 
at 65% relative humidity on carbonyl groups 
and lignin content was significant (Table 6). 
When wood was exposed to UV light in the 
absence of acid at such conditions, it was no- 
ticed that carbonyl group content increased al- 
most six-fold after 48 h of irradiation. About 
80n/o loss of lignin content was observed (Table 
7). The rate of degradation was further en- 
hanced in the presence of acid. The higher the 
acid concentration, the more carbonyl groups 
TABLE 3. Change of UV ah.sorbancr a1 275 nm due lo 
~oler-soluhlc dcgradarion producrs.from wood rreared wilh 
acid rain a1 amhirnr rrmpemlurr in the prrsrnce of UV 
light. 
Acld conscnlratmn I'b) 
Erpnrurc 
lime Ih) 0 0.002 0.009 0.074 
0 0 0 0 0 
10 0.3 0.3 0.4 0.4 
15 0.5 0.4 0.4 0.5 
24 0.5 0.5 0.5 0.6 
36 0.7 0.5 0.5 0.7 
48 0.7 0.6 0.7 0.7 
(0.8)' (0.7) (0.7) (0.9) 
Valuer I" parcnfhcses wcrc ahtaincd from rpcc~mcnr ticatcd at 65 C. 
T A n L E  4. Efecf of acid rain on carbonylgroup conlent in 
wood at 65 Cand 65% rrlative humidilv in the absencr of 
UV Iighhr. 
Acid conccntntion (9h) 
Exposum 
Lime (h) 0 0.002 0.009 0.074 
36 - - - - 
48 3.9 4.2 3.8 5.1 
F T l R  ahsorplinn pcrk ratio: 1.735 crn 1695 cm 1. 
were found. Although lignin is resistant to acid 
attack, under such conditions significant re- 
duction of lignin content was observed. 
Effect of acid rain and UV 
irradiation on tensile strength 
The increase in carbonyl group content and 
reduction of lignin content at wood surfaces 
being exposed to acid and UV light at ambient 
and at high temperature and high humidity, 
signaled that chemical reactions took place in 
the polymeric components of wood, i.e., cel- 
lulose, hemicelluloses, and lignin. Since holo- 
cellulose is sensitive to acid hydrolysis, there 
is little doubt that the strength of wood will be 
reduced due to the chain scission reaction. The 
change in color of wood from pale yellow to 
dark brown and the embrittlement of wood 
specimens clearly indicated severe degrada- 
tion of wood quality. The change of tensile 
strength of wood under the studied conditions 
was investigated. When wood was exposed to 
acid at ambient temperature and at 65 C, 
changes in tensile strength were clearly ob- 
TABLE 5. Effect of acid rain on lignin in wood a1 65 C 
and 65% rrlalivr humid it.^ in (he ahsencr of UV light, 
Acid concenlration 1%) 
Exposure 
lime lh l  0 0002 0.009 0.074 
48 4.1 3.8 3.7 5.0 
FTlR ahsomlian peak ratio: 1.507 crn 1/89S cm 
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TAULE 6 .  Effct  ofacid rain on carhon.vlgroup conlent in 
wood a f  65 C and 651 relative humidifv in the presence 
o f  UV light. 
Acid concantration (96) 
Exrrosure 
lime (h l  0 0.002 0.009 0.074 
48 21.5 23.0 23.7 25.4 
' m 1 R  absorplion peak mtio: 1.715 em 1895 cm I. 
served. Wood itself at ambient temperature 
did not suffer any loss oftensile strength during 
the period of study. When it was exposed to 
6 5 C, a slight reduction of tensile strength was 
observed, as shown in Fig. 1. In the presence 
of acid, the reduction of tensile strength was 
significant. At 0.074% acid concentration, the 
tensile strength of wood was reduced more than 
60% at ambient temperature. More loss was 
observed at the same acid concentration at 65 
C. A similar loss of tensile strength was ob- 
served when acid-treated wood was exposed 
to UV irradiation at ambient temperature (Fig. 
2). At 65 C, in the presence of UV light, the 
rate ofreduction of tensile strength was slightly 
increased (Fig. 3). Based on these observa- 
tions, it is evident that when wood is exposed 
to outdoor conditions, oxidative degradation 
of its surface is initiated by UV irradiation, 
resulting in generation of carbonyl groups and 
loss of lignin at its surface. Photo-oxidation by 
itself appeared not to be a contributor to the 
loss of tensile strength. Acid rain appeared to 
be the major culprit contributing to the loss of 
strength. 
TABLE 7. Effect of acid rain on lignin in wood at 65 C 
and 65% relative humiditv in  the presence of UV light. 
Acid cuncenlration (961 
E I ~ O I Y ~ C  
time (h) 0 0.002 0.009 0.074 
0 4.4'; 4.4 4.4 4.5 
24 1.2 1.2 1.3 1.5 
36 1.0 0.9 1.2 1.3 
48 0.8 0.8 1.2 1.3 
FTlRahmrption (unk ratio: 1.507 cm '1895 cm ' 
Exposure Tims (Hours) 
F I G .  I .  Effect of acid rain on tensile strength ofwood 
at ambient temperature and at 65 C. No change in tensile 
strength was observed for the control. 
Mechanisms of degradation 
Many factors are involved in wood deteri- 
oration in the polluted environment. The ab- 
sorption of UV light and acid rain can lead to 
chemical changes on wood surfaces, and de- 
terioration of tensile strength was experimen- 
tally proven. It was discussed previously that 
0 
10 20 30 40 50 
~ x p o s u r s  Time (Hours) 
FIG. 2. Effect of acid rain on tensile strength of wood 
at ambient temperature in the presence on UV light. a. 
UV irradiated without acid: b, UV irradiated with 0.002"h 
acid; c, UV irradiated with 0.009% acid: d, UV irradiated 
with 0.074% acid. 
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FIG. 3. Effect of acid rain on tensile strength of wood 
at 65 C. a, control at 65 C; b, UV irradiated without acid; 
c, UV irradiated with 0.002% acid; d, UV irradiated with 
0.009% acid; e, UV irradiated with 0.074% acid. 
photo-induced free radicals in wood are able 
to react with sulfur dioxide to produce various 
oxidized products (Hon and Feist 1993). They, 
in turn, further influence the color and surface 
properties. The presence of UV light may also 
accelerate oxidation of sulfur dioxide to sulfur 
trioxide, which will subsequently react with 
water to produce sulfuric acid. Sulfuric acid 
may also form by other catalytic processes in- 
volving sulfur dioxide, water, and a catalyst 
present in the atmosphere. Hence, three plau- 
sible mechanisms that can lead to surface deg- 
radation of wood are worth considering. They 
are summarized below: 
I. Wood + hu 4 Wood Free Radicals 
Wood Free Radicals + SO, 4 Oxidized 
Products 
11. hu + SO2 + 0, + SO, 
SO, + H 2 0  + H,SO, 
H,SO, + Wood + Degradation Prod- 
ucts 
I I I .  H2O 
SO, + 0, + Catalyst + [S02.H201 
[SO,.H,O] + H2S04 
H,SO, + Wood + Degradation Prod- 
ucts 
CONCLUSIONS 
Wood is sensitive to the environment in 
which it is exposed. In addition to UV light, 
acid rain seems to be an important element 
contributing to deterioration of wood surface 
quality and tensile property of wood. Experi- 
mental results showed that while carbonyl 
groups were generated in wood, lignin content 
simultaneously decreased when it was exposed 
to light; and this process was further enhanced 
when it was also exposed to acid spray. Either 
with or without ultraviolet light at 65 C wood 
deteriorated slightly faster than at ambient 
temperature. Acid further accelerated the deg- 
radation process. Wood lost its tensile strength 
in the presence of acid both at ambient tem- 
perature and at 65 C.  
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